Purpose: To assess the feasibility of ferumoxytol-enhanced anesthesia-free cardiac MRI in neonates and young infants for complex congenital heart disease (CHD). Materials and Methods: With Institutional Review Board approval, 21 consecutive neonates and young infants (1 day to 11 weeks old; median age of 3 days) who underwent a rapid two-sequence (MR angiography [MRA] and fourdimensional [4D] flow) MRI protocol with intravenous ferumoxytol without sedation (n 5 17) or light sedation (n 5 4) at 3 Tesla (T) (except one case at 1.5T) between June 2014 and February 2016 were retrospectively identified. Medical records were reviewed for indication, any complications, if further diagnostic imaging was performed after MRI, and surgical findings. Two radiologists scored the images in two sessions on a 5-point scale for overall image quality and delineation of various anatomical structures. Confidence interval of proportions for likelihood of requiring additional diagnostic imaging after MRI was determined. For the possibility of reducing the protocol to a single rapid sequence, Wilcoxon-rank sum test was used to assess whether 4D flow and MRA significantly differed in anatomical delineation. Results: One of 21 patients (4.8%, 80% confidence interval 0-11%) required additional imaging, a computed tomography angiography to assess lung parenchyma and peripheral pulmonary arteries. Only 1 of 13 patients (7.7%) with operative confirmation had a minor discrepancy between radiology and operative reports (80% confidence interval 0-17%). 4D flow was significantly superior to MRA (P < 0.05) for the evaluation of systemic arteries, valves, ventricular trabeculae, and overall quality. Using Cohen's kappa coefficient, there was good interobserver agreement for the evaluation of systemic arteries by 4D flow (j 5 0.782), and systemic veins and pulmonary arteries by MRA (j > 0.6). Overall 4D flow measurements (mean j 5 0.64-0.74) had better internal agreement compared with MRA (mean j 5 0.30-0.64). Conclusion: Ferumoxytol-enhanced cardiac MRI, without anesthesia, is feasible for the evaluation of complex CHD in neonates and young infants, with a low likelihood of need for additional diagnostic studies. The decreased risk by avoiding anesthesia must be balanced against the potential for adverse reactions with ferumoxytol. Level of Evidence: 2
the risk of developing nephrogenic systemic fibrosis. Ferumoxytol has been used for cardiac MRI. The long blood pool residence time of ferumoxytol as well as the marked signal enhancement in the blood pool permits free-breathing exams with high signal-to-noise ratio and reduced artifacts. 7 Over the past few years, there has been increasing evidence of the risks of neurotoxicity from anesthesia. [8] [9] [10] [11] These risks are thought to be highest in the newborn period and infancy and increased by longer duration of and greater cumulative exposure to anesthesia. 11 Thus, we have endeavored to leverage ferumoxytol's long intravascular half-life to reduce anesthesia depth, duration, and frequency. Ferumoxytol can be administered hours before the actual MRI exam. The patient can then be swaddled and possibly fed for the MRI scan. Also, in the event that an infant becomes uncooperative, imaging can simply be repeated when the infant is calm.
The major potential risk with ferumoxytol is a serious and potentially fatal hypersensitivity reaction, including anaphylaxis and hypotension, which has prompted an updated FDA black-box warning in March 2015. 12 However, the risks of ferumoxytol have to be considered in the full context of its potential advantages, including improved diagnostic evaluation and reduced anesthesia. General anesthesia has its inherent risks, including aspiration and respiratory compromise [13] [14] [15] [16] [17] in addition to the above described potential detrimental neurocognitive effects. [8] [9] [10] [11] For the past 2 years, we have used ferumoxytol for pediatric cardiovascular imaging with the approval of our institution's pharmacy committee, and obtained re-approval of that committee after the March 2015 FDA warning. 12 The aim of this study is to evaluate the feasibility of ferumoxytol-enhanced anesthesia-free cardiac MRI with a rapid two-sequence protocol in the evaluation of complex CHD in neonates and young infants.
Materials and Methods
With Institutional Review Board approval, Health Insurance Portability and Accountability Act compliance, and waived consent, we retrospectively identified 21 consecutive neonates and young infants (1 day to 11 weeks old, median age of 3 days, mean weight 3.3 6 0.4 kg) who underwent a rapid, free-breathing, two sequence MRI protocol with intravenous ferumoxytol without any sedation (n 5 17) or light sedation as needed with lorazepam or ketamine (n 5 4) between June 2014 and February 2016 for CHD (Table  1 ). All patients received echocardiograms before cardiac MR.
Patients were intravenously injected with ferumoxytol 0-3.8 h (mean 6 standard deviation : 1.3 6 1.2) before imaging. Ferumoxytol was administered using a diluted volume in normal saline (3 mg/kg with 1:5 dilution) as a slow infusion over 5-15 min. 18 Vital signs were monitored for 30 min after administration with a physician with ACLS/PALS certification in the Radiology department or in the in-patient units. The patients were then fed, if possible, and bundled just before the MRI.
Patients were scanned on a 3 Tesla (T) (n 5 20) or 1.5T (n 5 1) MRI scanner (MR 750 3T and MR 450 1.5T; GE Healthcare, Waukesha, WI). The sole 1.5T case was due to lack of timely availability of the 3T scanner.
An axial MR angiography (MRA) was performed with an RF and gradient spoiled gradient echo sequence with fatsuppression followed by an axial volumetric time-resolved phase contrast acquisition (4D flow). The 4D flow acquisition was accelerated using parallel imaging and compressed sensing 5 It was also self-navigated. Field of view and slice thickness were adjusted to patients' size and weight. Imaging parameters are listed in Table 2 . For both 4D flow and MRA, slices were reconstructed with 50% overlap, such that the interval between slices is half that of the slice thickness to facilitate multi-planar viewing. Average scan times were longer for 4D flow (8 min 55 s 6 2 min 21 s) compared with MRA (3-5 min). The majority of MRA images were obtained without cardiac triggering (n 5 17). The remaining four cases were triggered to the diastolic phase, based on technologists' preference, which were accelerated using parallel imaging to achieve similar scan times as the nontriggered scans. Two blinded, board-certified radiologists (first reader, L.M.L., with 4.5 years of MRI experience and second reader, S.S.V., with 13 years of MRI experience) independently scored the images on a five-point scale from 1 (nondiagnostic) to 5 (outstanding) for overall image quality and delineation of various anatomical structures on MRA and 4D flow. Overall image quality and delineation of systemic arteries, systemic veins, pulmonary arteries, pulmonary veins, heart valves, and ventricular trabeculae were evaluated according to predetermined criteria (Table 3) . Details about the sittings and admixture of cases are described in Table 1 . Medical records were reviewed for clinical indication, ferumoxytol dose, medications, complications, whether any further diagnostic imaging was performed after MRI (including catheterization), and operative confirmation of MRI findings.
Statistical Analysis
Confidence interval of proportions was calculated to assess the likelihood of requiring additional diagnostic imaging test after MRI and operative finding discordance. To evaluate the feasibility of reducing the protocol to a single 4D flow sequence, a Wilcoxonrank sum score tested the null hypothesis that 4D flow was equivalent to MRA in quality of delineation of anatomical structures. Intraobserver and interobserver agreements were evaluated using weighted Cohen's Kappa (j) coefficient. Kappa values were correlated to agreement as follows: less than chance (<0), slight (0.01-0. ferumoxytol, nor needed any type of intervention related to ferumoxytol injection. In terms of the diagnostic quality of ferumoxytolenhanced cardiac MRI in neonates and infants and unresolved diagnostic questions, one patient was scanned at 1.5T (1/21, 4.8%), and was the only subject requiring additional imaging, a computed tomography angiography (CTA) performed largely to assess for lung parenchymal disease, but in part also for further delineation of peripheral pulmonary arteries. The 80% confidence interval of the proportion of exams requiring further imaging was thus up to 11%. Of 13 patients who underwent surgical repair, only 1 patient (7.7%) had a minor discrepancy between the radiology report and operative findings, with a small patent ductus arteriosus (PDA) seen at surgery but not on MRI (80% confidence interval up to 17%).
Results

Salient clinical indications (
Time-resolved volumetric phase contrast (4D flow) was significantly superior to MRA for the delineation of systemic arteries (inclusive of coronary arteries), valves, ventricular trabeculae, and overall quality (Fig. 1) . Similar mean scores for 4D flow and MRA, respectively, were observed for systemic veins (4.9 6 0.3, 4.9 6 0.3), pulmonary arteries (3.6 6 1.0, 3.5 6 0.7), and pulmonary veins (4.5 6 0.7, 4.5 6 0.6. Mean scores for 4D flow were significantly higher with P < 0.005 compared with MRA for systemic arteries (3.7 6 0.8, 3.0 6 0.6), valves (4.1 6 0.8, 1.4 6 0.7), ventricles (4.4 6 0.7, 2.9 6 1.2), and overall quality (4.2 6 0.7, 3.6 6 0.6). Even though MRA scans were acquired with either diastolic triggering or no diastolic triggering, we only observed a significant difference for the evaluation of valves where the images from the triggered scans were superior to nontriggered exams (P < 0.05 using a student t-test). There was not enough spread in the scoring for systemic veins to compute a meaningful kappa coefficient. Regardless, both readers rated 95.2% of cases as having a score of 4-5 for systemic veins reflecting our ability to obtain diagnostic image quality for these structures.
For intra-observer variability, there was moderate to near perfect agreement (j 5 0.55-0.86) for the evaluation of most anatomical structures by 4D flow for both readers, with the exception of systemic veins and pulmonary arteries (j < 0.24) by the second reader. There was fair to poor intra-observer agreement (j 5 0.17-0.38) for the evaluation of systemic veins, pulmonary arteries, valves, and ventricles by MRA by the second reader and the evaluation of valves for both readers (j 5 0.12-0.38). Figure 2 shows a representative example of the comprehensive evaluation of congenital heart disease. MR was able to delineate the complex anatomy in this patient before surgery, which included D-transposition, a single left main coming off single right coronary artery, and a PDA from right subclavian artery to the right pulmonary artery. The patient underwent arterial switch procedure with reimplantation of a single coronary button containing both coronaries, translocation of the right subclavian artery into the right common carotid artery, and PDA ligation. Systemic arteries, such as the aorta, are well delineated. Figure 3 depicts aortic arch hypoplasia and aortic coarctation with increased velocities across the narrowing (1.54 m/s peak systolic velocity) and gradient of 10 mmHg, using 4D flow. The arch hypoplasia and coarctation were repaired by anastomosing the descending aorta to the aortic arch. Similarly, vascular rings are well-evaluated. Examples include a double aortic arch (Fig. 4a,b) that was revised, the PDA ligated, and the diverticulum of Kommerell was resected and explanted, and an asymptomatic right arch with aberrant left subclavian artery (Fig. 4c,d ) that required no intervention. More complex great artery anomalies can also be assessed, as in Figure 5 (and Supplementary Videos S1-S4, which are available online) a truncus arteriosus with truncal valvular regurgitation, as well as a right pulmonary artery arising from a right-sided PDA. The truncus was repaired with a conduit to the reconstructed pulmonary arteries, and the PDA was ligated.
Another common indication was evaluation for anatomy of anomalous pulmonary venous return, as depicted in two separate cases of patients with heterotaxy, double outlet right ventricle (DORV), and total anomalous pulmonary venous return (TAPVR) (Fig. 6 ). Both TAPVRs were repaired, one also undergoing pulmonary artery (PA) banding and bidirectional Glenn (Fig. 6a,b) while the other (Fig.  6c,d ) had a graft placed between the RV and the PA with atrial septectomy.
Intracardiac anatomy, including valves and ventricular trabeculae, was better depicted on 4D flow than MRA (Figs. 2-8 ). Figure 7 highlights the excellent depiction of valvular anatomy on 4D flow, which was found to be superior to MRA. This patient had a hypoplastic mitral valve with a single dominant papillary muscle, as well as DORV and partially anomalous pulmonary venous return (PAPVR), and is now status post bidirectional Glenn and repair of PAPVR. Similarly, Figure 8 highlights the ability of intracardiac anatomical evaluation in a patient with hypoplastic left heart and cor triatriatum, with good delineation of ventricular trabeculae, valve leaflets, and pulmonary venous drainage. The patient underwent Norwood procedure with RV to PA conduit and resection of cor triatriatum.
The Supplementary Videos S1-S4 show a 6-day-old male with hemitruncus, where the right pulmonary artery arose from the ascending aorta. The ratio of pulmonary flow to systemic blood flow (Qp:Qs) was more than 3, and the right to left pulmonary artery flow ratio was 6:1. There was evidence of increased right heart pressures (enlarged right atrium and ventricle) and markedly decreased right ventricular function with an ejection fraction of 13%. There was also pulmonary regurgitation (30%) and tricuspid regurgitation (70%). The potential of a rapid exam that can assess complex anatomy, quantify ventricular function, and also quantify blood flow is highlighted in this case, where the patient underwent repair of hemitruncus with LeCompte maneuver.
Discussion
We have shown that ferumoxytol-enhanced MRI without anesthesia is feasible for evaluation of complex CHD in neonates and young infants, with a low likelihood of need for additional diagnostic studies. With the long residence time of ferumoxytol in the blood pool, contrast can be administered well before the MRI and the infant be bundled and fed; if the child becomes agitated, re-imaging without need to inject another dose of contrast agent or compromise in image quality is possible. With iodine or gadolinium-based contrast agents, the resulting uncertainty of obtaining a concurrent period of patient cooperation and adequate contrast enhancement drives use of anesthesia. In this work, we combined the use of ferumoxytol with a rapid two-sequence protocol that includes a volumetric MRA and 4D flow. The MRA was performed without parallel imaging such that signal-to-noise ratio was increased and the artifacts from respiratory motion of free breathing were suppressed by signal averaging; diagnostic quality images were consistently obtained with minimal or no respiration artifacts in these neonates. Long scan times (3-5 min) for MRA without parallel imaging is enabled by the long blood pool residence time and long relaxivity of ferumoxytol. However, with these long scan times, voluntary motion is still an issue that limits depiction of small structures. Other motion correction strategies could be used to yield better MRA results, though that was not the focus of this work.
The 4D flow acquisition was accelerated and selfnavigated. Because each of these sequences run for several minutes and benefitted from the long relaxivity of ferumoxytol, high-resolution images could be obtained to depict complex anatomy in small patients. Furthermore, because there was the chance the patient could wake up over these several minutes, the potential to repeat the scans afforded by ferumoxytol was critical. Three patients out of 20 (15%) were re-scanned, and all three scans then achieved diagnostic image quality.
4D flow was found to be superior to MRA in its ability to demonstrate valvular anatomy, ventricular trabeculae, and systemic arteries (inclusive of coronary arteries). This may be due in part to reduced cardiac motion artifacts from cardiac gating. Additionally, the ability to view the 4D flow images in cine clips enhanced our perception of the valves, trabeculae, and coronary arteries. Because 4D flow images were reconstructed in 20 min, whereas the MRA images were reconstructed immediately, MRA enables confidence in concluding the exam. To address this, the 4D flow sequence now acquires a low resolution, single echo set of k-space data at the beginning of the scan. This acquisition takes approximately 18 seconds, and the images can be reconstructed and returned to the scanner in under a minute while flow data are acquired. In addition to this, once the scan is completed we are able to perform a rapid 
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preliminary reconstruction from all cardiac phases of the 4D flow data using simple parallel imaging to effectively yield a nongated MRA after just several minutes.
There was excellent concordance between the radiology and operative reports. The only patient of 13 who had a minor discrepancy between the radiology report and surgical findings was scanned at 1.5T. In general 3T might be helpful for imaging small structures, but on the basis of one case, we cannot make any firm conclusions. Several noninvasive cardiac imaging techniques can serve to further (Table 4) . CT is faster, often has less motion artifacts, and can often better evaluate small structures like the coronary arteries without anesthesia, whereas MRI lacks ionizing radiation, has better cardiac temporal resolution, and quantifies flow and function. 2, 3, 19 Ferumoxytol is not without risk, which should be weighed against the risks of anesthesia, performing additional potentially invasive studies, ionizing radiation, as well as the benefits of improved image quality and function/flow quantification without the physiologic perturbations of anesthesia. Since the FDA approval of ferumoxytol for therapy of iron deficiency in adults in 2009 and after more than 1.1 million distributed vials, 79 anaphylactic reactions and 18 fatalities despite immediate intervention have been documented after the administration of intravenous ferumoxytol. 12, 20 In a large, multinational nonrandomized clinical trial, the reported rate of anaphylaxis was 0.02%. 21 In another trial the incidence of serious hypersensitivity reaction occurred in 0.2%, with hypotension occurring in 1.9% of patients. 22 Several smaller studies assessed the safety of ferumoxytol in children, though small sample sizes limit their significance. 20, 23 The incidence of immediate hypersensitivity reactions to gadolinium-based contrast agents was reported as 0.079%, with severe reactions including anaphylaxis occurring in 0.007% and a mortality rate of 0.0007%. 24 Other studies reported slight lower percentages of reactions to gadolinium-based agents. Prince et. al reported a mortality rate from anaphylaxis of 0.0019%, 25 and the FDA reported a mortality rate of 0.00008% from 2004 to 2009. 25 Thus, overall, the risk of serious hypersensitivity reactions is likely higher with ferumoxytol than gadolinium-based agents. CT also has risks, including radiation and the risks of iodinated contrast. In one study, the estimated radiation dose in mSv for non-electrocardiography (ECG) gated cardiac CTAs for infants 3 kg was 0.42-1.29 mSv, and >3-6 kg was 1.28-1.61 mSv. 19 For ECG gated cardiac CTAs 19 With approximately 5% excess risk of fatal cancer per 1 Sv of radiation 26, As Low As Reasonably Achievable principles should be followed when imaging children. 3 Iodinated contrast can induce nephropathy as well as allergic reactions, including death (0.004%). 27 For children < 10 years old, prevalence of adverse contrast reactions was 0.4%. 27 Although neonatal CTA can often be performed without general anesthesia, 28 flow quantification cannot be obtained in this manner, and ventricular function assessment usually requires increased frequency of anesthesia and increased radiation dose. Acute risks of sedation include respiratory, cardiovascular, and other events, which occurred in 534 per 10,000 anesthetic procedures using propofol. 13 In another study of 137 infants undergoing cardiac MRI with sedation, complications occurred in 5% of patients including one subject with a bradycardic event that prevented completion of exam and six other patients with transient vital sign changes that allowed exam completion. 2 Delayed risks with procedural sedation in children include delayed gastrointestinal complaints, restlessness and agitation, and motor imbalance.
14 Anesthetic agents can be neurotoxic and can kill neurons in the developing brains of infantile animals including primates, though this cannot be directly tested in humans. However, anesthesia has been found to impair human brain function, 8 with decreased memory later in life after general anesthesia in infancy, independent of underlying disease. 9 Increased incidence of cognitive, developmental and behavioral disorders in children exposed to anesthesia have also been found. 10, 11, 15 Learning disabilities were more common in children who underwent more than one anesthetic and a longer cumulative anesthetic duration. 11 In another study, the risk of being diagnosed with developmental and behavioral disorders was 60% greater in children who had surgery with anesthesia when they were younger than 3 years old when compared with a similar matched group of siblings who did not have surgery/anesthesia. 15 While general anesthesia is often required for full control of respiratory and physical motion, 16 ,17 the feed-andsleep technique has been found to be well-tolerated, costefficient and safe in infants <6 months of age. 29 The scan times of those undergoing feed-and-sleep technique have been found to be generally similar to those undergoing general anesthesia or deep sedation. 17 In a 10-year institutional study, a review of safety of anesthesia in pediatric contrast angiography found that most adverse events (respiratory distress, bradycardia, etc.) were seen in patients undergoing general anesthesia and deep sedation, but not in the patients that only had "comforting measures." 17 Moreover, general anesthesia can induce changes in cardiac physiology and induce measurement errors in hemodynamically labile infants with complex CHD. 16 One limitation of our study is the relatively small study size with our early experience with this technique and its retrospective nature. This limitation along with possible differences in interpretation of scoring criteria led to lower interobserver agreements for several anatomical structures. Another limitation is that direct comparison of image quality between ferumoxytol-enhanced MR angiography and other vascular imaging modalities (gadolinium-based blood pool agents, conventional angiography, etc.) has not been performed. However, studies in the past have shown ferumoxytol to be similar or superior in imaging quality to blood-pool gadolinium based agents 30 and consistent with results of other vascular tests including angiography. 31 Also, prior pediatric studies also have shown that qualitatively the vascular enhancement with ferumoxytol is greater than that of gadolinium-based agents. 7 Furthermore, based on our own extensive experience with gadofosveset trisodium (Ablavar), we have seen a significant decrease in blood pool enhancement 15 min after injection. Thus, we have not been confident enough to attempt anesthesia-free imaging of neonates with complex CHD with gadofosveset.
In conclusion, ferumoxytol-enhanced cardiac MRI without sedation or minimal sedation is feasible and provided excellent quality images to answer clinical diagnostic questions, with little likelihood for needing additional invasive imaging studies.
